There were >8000 unique gene probes that were differentially expressed between Nieuwkoop-Faber (NF) stage 2 and stage 16, and >2000 gene probes differentially expressed between NF 34 and 46. Gene ontology revealed that genes involved in nucleosome assembly, cell division, pattern specification, neurotransmission, and general metabolism were increasingly regulated throughout development, consistent with active development. Sub-network enrichment analysis revealed that processes such as membrane hyperpolarisation, retinoic acid, cholesterol, and dopamine metabolic gene networks were activated/inhibited over time. This study identifies RNA transcripts that are potentially maternally inherited in an anuran species, provides evidence that the expression of genes involved in retinoic acid receptor signaling may increase prior to those involved in thyroid receptor signaling, and characterizes novel gene expression networks preceding organogenesis which increases understanding of the spatiotemporal embryonic development in frogs.
Introduction
Genome-wide analyses in embryos are essential for providing a global understanding of gene activity in early development. These studies produce fundamental knowledge for subsequent applied research. These data are becoming more widespread as whole-genome microarray studies have been performed in insects (e.g., Tomacak et al., 2007) , fish (e.g., Ton et al., 2002) , frogs (e.g., Yanai et al., 2011; Baldessari et al., 2005; Chalmers et al., 2005; Altmann et al., 2001) , and mammalian species (e.g., Tanaka et al., 2000) . In the post-genomic era, holistic approaches can assist in building upon systematic characterization of embryonic gene expression to assess functional pathways, which would significantly complement the traditional gene ontology (GO) used by previous wide-genome studies. For example, gene set enrichment, sub-network 0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.12.002 enrichment and pathway analysis (GSEA, SNEA and PA, respectively) are useful bioinformatics approaches for characterizing gene regulatory networks in both mammalian and non-mammalian species (Mehinto et al., 2012; Martyniuk and Denslow, 2012) . As transcriptional pathways are affected by spatiotemporal factors such as development, network analysis assists in elucidating molecular interactions among genes (i.e., how two genes are related in terms of expression or regulation), which can result in identifying new roles and functions of genes expressed in early embryo development.
In amphibian embryonic and early larval development, four major phases of gene expression clustering have been identified: maternal (cell division, chromatin maintenance), early and late embryonic (protein biosynthesis), and larval phase (tissue specific processes; Altmann et al., 2001) . During these specific periods of differentiation, distinctive morphological observations have been identified, i.e., the beginning of (1) cellular division which corresponds to the stage Nieuwkoop-Faber (NF) 2 (Nieuwkoop and Faber, 1994) ; (2) neurulation and pigmented eye anlagen (NF stages 10-17; Vanderberg et al., 2011; Sive et al., 2000) ; (3) stomodeal invagination, eye development, and heart beat; and (4) cerebral hemispheres evagination, the telencephalon and the intestine develop, and feeding commences for the larval phase (Bowes et al., 2007) . Studies have identified many genes and biological processes involved in frog early development such as the pro-proliferative transcription factors c-myc and n-myc (involved in retina development; Yan Sue and Harris, 2012) , peroxiredoxins (antioxidants; Shager et al., 2011) , protein inhibitors of activated STAT (roles in mesodermal induction and patterning; Burn et al., 2011) , steroid 5-reductases (androgen biosynthesis; Langlois et al., 2010) and deiodinases (thyroid hormone production; Duarte-Guterman et al., 2010) . However, there are many pathways that remain unidentified and more importantly, it is not well understood in anuran development how the expression of genes are organized into networks that regulate cellular functions.
The impetus of this study is to complement the depth and breadth of frog developmental genetics by presenting gene dynamic networks involved during the first 72 h of development of the frog Silurana (Xenopus) tropicalis. To achieve this goal, a custom 4 · 44 K oligonucleotide microarray for S. tropicalis was designed that contains gene probes with highly annotated gene ontologies for functional analysis. Based upon our interest in the hormonal regulation of development, we highlight in our discussion the importance of the endocrine cascades initiated from the 2-cell stage to early tadpole development (NF 2 to 46).
Results

Gene expression profiles of S. tropicalis early development
Hierarchical clustering revealed that global gene expression profiles were unique among the stages of S. tropicalis development (Fig. 1 ). NF stage 2 was most different from the other stages and formed a separate clade from expression profiles at NF stages 16, 34, and 46. In the second clade, NF stage 16 showed separation from both NF stages 34 and 46. There were 16,671 probes that were differentially expressed between NF stages 2 and 16, 12,087 probes that were differentially expressed between NF stage 16 and stage 34, and 6385 probes that were differentially expressed between NF stages 34 to 46. Principal Component Analysis (PCA) supported the cluster analysis. Each stage grouped separately from each other along three PCAs (Fig. 2) . PCA1 explained 85.9% of the variation in expression; PCA2 explained 7.8%, while PCA3 explained 3.4%. Perhaps most interesting was the K-means clustering which revealed that there are two expression patterns that contain significantly less genes than other expression waves (cluster 4 and 8; p < 0.05; Fig. 3 ). Furthermore, cluster 3 and 5 contained the highest numbers of genes and in each case, transcripts were increasing in abundance over time, suggesting perhaps that more genes are actively transcribed over development. Therefore, earlier stages of development showed greater changes in gene expression compared to later stages, which correspond to the dramatic morphological changes known to occur in the developing embryos. There were 1722 probes that were significantly differentially expressed at all three time points (Fig. 4) . All microarray data are provided in Appendix 1.
Due to the role of thyroid and retinoic acid signaling in development, we compiled a table of gene probes that were part of these important regulatory pathways of morphogenesis and organogenesis (Table 1) . Interestingly, there were different patterns of expression for genes involved in these nuclear hormone signaling pathways. For example, both thyroid hormone receptors (thr) alpha and beta were significantly higher at NF stage 46 compared to the other stages. It should be noted that the mRNA steady state abundance of these receptors was very low and at the detection limit of the microarray analysis. There was also a significant increase in dio3 (21.5-fold) between NF stages 16 and 2, and this isoform was more abundant than the deiodinase (dio2) and type I deiodinase-like based upon the microarray data (Appendix 1). Retinoic acid receptor gamma-A-like transcript variant 1, 2, and 3 (rarg1, rarg2 and rarg3) were all significantly higher at NF stage 16 than stage 2 (>50-fold) ( Table 1 ). The expression of these transcripts corresponded to the expression of the retinoic acid receptor isoforms suggesting retinoic acid signaling is significantly increased during this period. Retinoic acid receptor alpha (rxra), beta-like (rxrb), and gamma (rxrg) were all significantly higher in expression at NF stage 16 compared to NF stage 2, and were not significantly different in expression levels between NF stages 34-46. Based on normalized signal intensity from the microarray, rxra and rxrg were higher in mRNA abundance than rxrb. Other transcripts related to retinoic acid signaling showed varied expression patterns. For example, retinoic acid-induced protein 1-like was highest at NF stage 34 compared to NF stage 16 (12-fold) and retinoic acid-induced protein 3-like (gprc5a) showed significant changes in mRNA levels across each of the three developmental time points. Based on the microarray data, it appears that the RXR isoforms peak in mRNA levels before the expression of the thyroid hormone receptors.
Maternal genes deposited into the embryo prior to active cell division are also of interest for early developmental studies in amniote species, and a list of gene probes were collected that showed significantly higher expression at NF stage 2 compared to later stages of development (Table 2) . These transcripts included oocyte-specific histone RNA stem-loop-binding protein 2 (slbp2), mitogen-activated protein kinase 14 (mapk14), speedy protein 1-B-like (spdya-b), ras-related protein Rab-9B (rab9b), mitogen-activated protein kinase kinase kinase MLT-like, cyclin B5 (cycb5), and B-cell CLL/lymphoma 6 (bcl6). These transcripts showed more than a 100-fold decrease progressing from NF stage 1 to 16 (p < 0.001).
Gene ontology and functional enrichment
The functional enrichment analysis identified 131 biological processes that were enriched between NF stages 2-16 and both the sensory perception of smell and the sensory 3 -Determination of particular expression patterns using K-means clustering. Eight clusters were generated comparing the variation between development NF stages 2-16 to NF stages 16-34, and further to NF stages 34-46. There are two gene cluster patterns that are less frequent than the others, clusters 4 and 8. Clusters 3 and 5 have the most genes in the cluster and clearly increase over development suggesting more genes become activated over time. perception of taste were under represented in the analysis, suggesting that these genes were expressed less than expected by chance (adaptive false discovery rate, FDR, p < 0.05) (Fig. 5 ). There were 106 biological processes that were enriched between NF stages 16-34 and this also included sensory perception of smell and taste, nucleosome assembly (over-represented), and apoptosis (under-represented) (adaptive FDR p < 0.05). Lastly, between stages 34-46, there were 40 biological processes enriched and this again included the sensory perception of smell, nucleosome assembly (over), and translation (adaptive FDR p < 0.05). Across the different developmental periods, there were only four processes that were common (adaptive FDR p < 0.05) suggesting that there were primarily different molecular events underlying the distinct developmental stages. However, common biological processes regulated by differentially expressed genes over development were sensory perception of smell and taste, nucleosome assembly, and cell cycle arrest. All gene ontology enrichment data are provided in Appendix 2.
Sub-network enrichment analysis
There were also unique sub-networks underlying the different developmental stages. When considering the sub-networks that were altered more than 10% in the period between NF stages 2-16, there were significantly more sub- Table 2 -Gene probes that showed higher expression at NF stage 2 compared to stage 16. These transcripts are hypothesized to be maternally expressed. Fold changes in bold and italics are those that are significantly differentially expressed between each developmental period (FDR adjusted p < 0.05). Fold changes reflect gene changes over time, thus decreasing mRNA level means that transcript was higher in abundance at an earlier stage while increasing transcript levels means that the transcript is increasing over development. networks that were decreased in expression than increased in expression (v = 7.69, degree of freedom, df = 1, p < 0.006). In the early stages (NF stage 2), the major themes appear to be cell proliferation and division and many of these processes were relatively high in early stages and decreased towards stage 16 (Table 3) . These processes included meiosis II, mitotic spindle checkpoint, meiotic entry, G2/M transition, M phase, mitosis, and cell cycle.
In the period between NF stages 16-34, there were significantly more sub-networks increasing than decreasing (chi Table 3 -Sub-network enrichment analysis for cellular processes in Silurana tropicalis (p < 0.05). Gene set seeds listed here are those that had greater than 10% change in expression targets. Each developmental stage is compared to the previous stage. A decrease in the process means a decrease in that process over time. The table highlights the processes of cell growth / proliferation and organogenesis, and the complete list of sub-networks is found in Appendix 2. square test, v = 24.020, df = 1, p < 0.0001) and the underlying theme of this period was the expression of genes that play a role in organogenesis and organ function. For example, processes related to the heart (heart morphogenesis, heart contraction), central nervous system (olfactory bulb development, dopamine metabolism), kidney (renal reabsorption, water balance), and liver (liver blood flow, liver uptake) were largely induced at NF stage 34 compared to the earlier developmental stage 16.
At the NF 34-46 period, there was no difference in the number of sub-networks that were increasing or decreasing (v = 0.64, df = 1, p = 0.42). Noteworthy at this transitional period, gut process networks (gastric acid secretion, gut development, digestion, intestinal absorption) appeared more prevalent in expression. There were also processes related to brain development (e.g., astrocyte differentiation, and notochord development) suggesting that there was active organogenesis and tissue organization that continued into later stage of development. Other cell processes significantly changed between NF stages 34-46 included energy metabolism (mitochondrial transcription, mitochondrial DNA replication, glycogen metabolism, glucose oxidation), immune responses (killing transformed cells, B-cell activation, lymphocyte adhesion), and lipid metabolism (triacylglycerols biosynthesis, lipid peroxidation, lipid transport, fatty acid metabolism, cholesterol metabolism). Furthermore, the retinoic acid pathway was a significantly induced cell process that was increasing in early NF stages 16-34 (fold change = 23.1, p = 0.023) and continued to increase at later NF stages 34-46 (fold change = 5.92, p = 0.004). Lastly, a comparison across all three developmental periods revealed that glycogen metabolism was the only cell process significantly altered during all three developmental transitions suggesting that glycogen metabolism is a dynamic process that is changing throughout early development. Some examples of interesting gene networks are depicted in Figs. 6-8. Transcripts involved in membrane hyperpolarisation (Fig. 6 ), cholesterol metabolism (Fig. 7) , and dopamine production ( Fig. 8) were decreased in relative abundance at early developmental stages but increased in expression at NF stage 34. What is striking with the membrane hyperpolarisation network is that there are a number of hormone receptors becoming active or induced at this stage. For example, in addition to potassium voltage-gated channels (kcnq1, kcnd2, kcnk2), genes encoding adenosine A1 receptor (adora), corticotropin releasing hormone (crh), cholecystokinin (cck), galanin receptor 1 (galr1), insulin-like growth factor 1 (igf1), and vasoactive intestinal peptide (vip) were increased in expression suggesting that there may be increased activity in hormone signaling that corresponds to organ development. However, there were also receptors that were decreased in expression within the network at NF stage 34 and these included gonadotropin-releasing hormone receptor (gnrhr), neuropeptide Y receptor Y1 (npy1r), opioid receptor, kappa 1 (oprk1), and peroxisome proliferatoractivated receptor alpha (ppara). These receptors have higher abundance at NF stage 16 and may have roles earlier in development.
Gene expression levels for those involved in cholesterol metabolism increased from NF stages 34 to 46 compared to earlier stages. The apolipoprotein B (apob), superoxide dismutase 1 (sod1), sortilin-related receptor, L (DLR class; sorl1), fibroblast growth factor receptor 4 (fgfr4) and oxysterol binding protein-like 2 (osbpl2) significantly increased at NF stage 46. However, oxysterol binding protein (osbp) and 3-hydroxy-3-methylglutaryl-CoA reductase (hmgcr) are more expressed at NF stage 16 than any other stages. Furthermore, the cytochrome P450, family 46, subfamily A, polypeptide 1 (cyp46a1), aryl hydrocarbon receptor (ahr) and the thyroid hormone receptor beta (thrbeta) are significantly increasingly transcribed throughout all stages of development.
Most of the genes involved in dopamine metabolism significantly increased at NF stage 36 when compared to earlier stages, and this period corresponds to brain development. At NF stage 16, the only increase in mRNA was for the cytochrome P450, family 2, subfamily D, polypeptide 6 (cyp2d6), while the other genes were all downregulated. As the biological roles of cyp2d6 are broad, it is possible that its increase was to fulfill other functions rather than dopamine metabolism. Noteworthy is that dopamine receptor D1 (drd1) expression levels remain repressed (i.e., does not increase) throughout all the studied developmental stages. Taken together, these data suggest that intracellular dopamine metabolism is perhaps in place prior to brain development, but intercellular dopamine signaling is still not functional in early tadpole development. All sub-network enrichment data are provided in Appendix 3.
Real-time RT-PCR
Following log 10 transformation, arginase, galactokinase, and nuclear transcription factor Y were normally distributed, but nuclear transcription factor Y did not pass Levene's test for homogeneity of variance. Therefore, all transcripts were analyzed using a Kruskal-Wallis test except for arginase and galactokinase. All genes investigated showed significant differences across developmental stages; insulin (ins, df = 3, v = 23.9, p < 0.001), arginase (arg, df = 3, F = 28.9, p < 0.001), somatostatin (som, df = 3, v = 26.8, p < 0.001), galactokinase (galk2, df = 3, F = 13.4, p < 0.001), rhodopsin (rhod, df = 3, v = 23.0, p < 0.001), deiodinase type III (dio3, df = 3, v = 26.0, p < 0.001), sideroflexin 3 (sfxn3, df = 3, v = 25.1, p < 0.001), carboxypeptidase A1 (cpa1, df = 3, v = 23.1, p < 0.001), and nuclear transcription factor Y (nfyc, df = 3, v = 8.31, p = 0.043) (Fig. 9) .
Next to each graph of real-time RT-PCR expression data, we present the LOESS normalized microarray data. Noteworthy is the patterns across the development stages. Real-time PCR data are graphed by fold change relative to NF stage 2 (i.e., this stage is given an arbitrary value of fold change = 1.0) and the microarray data are normalized signal intensity. The measurements are thus different; however the overall general pattern (i.e., increasing or decreasing over time) of mRNA abundance corresponds in the majority of cases. For example, when comparing mRNA levels at NF stage 2 compared to NF 46, the patterns matched between the two methods for all nine genes. There are some discrepancies however between the two methods. For example, galactokinase is increased at NF stage 16 based upon the microarray data but is not significantly different between NF 2 and NF 16 according to real-time RT-PCR. In order to better navigate the comparison, it is suggested that the reader considers that (1) the microarray data are expressed as normalized intensity and the magnitude of the gene changes are not comparable to a fold changes generated from qPCR, and (2) that the most informative information from the graphs is the significant changes over time (denoted as letters). Gene expression corresponds to major developmental stages of S. tropicalis
There are few studies that have assessed whole transcriptome analysis in early frog development. In another frog species, microarray analysis was conducted at comparable stages of development using a cDNA microarray platform for Xenopus laevis (Baldessari et al., 2005) . Using dendrogram analysis, Baldessari et al. (2005) demonstrated that expression profiles of NF stages 10, 13 and 15 were closely related to each other and were distinct from NF stages 19, 24 and 28, and that the egg and the feeding tadpoles (NF stages 1 and 47, respectively) were the most extreme groups. These data are similar to the results presented in this work. Both studies identified many common transcripts such as topoisomerase I as changing over development. Transcripts that are reported here to be regulated in expression throughout early development have also been identified by Baldessari et al. (2005) . For example, the researchers also showed a 10-20-fold change in chordin between the egg stage and NF stage 15; while we show approximately 400-fold increase in this transcript based upon the microarray data at comparable stages of development (i.e., NF stages 2 and 16). This discrepancy in fold change might be explained by species difference as suggested by a recent comparative temporal transcriptome study that has mapped the differences in gene expression between X. laevis and S. tropicalis in early development (Yanai et al., 2011 ). Yanai and colleagues investigated the transcription during blastula, gastrula, neurula and tail-bud (i.e., NF stages 2 to 33) using customized Agilent 4 · 44 K arrays. Yanai et al. (2011) focused on heterochronic and heterometry genes and reported many divergences among the two frog species' developmental pathways, namely for genes involved in hatching enzyme and oxygen-binding. Similar to our study, Yanai et al. (2011) identified genes such as noggin (1 and 2), and homeobox genes (e.g., hoxb6, hoxd3, hoxd10, hoxc5-like, hoxc12-like, and hoxa13-like) as increasing early on in development consistent with rapid organization and patterning of the embryo. However, Yanai and colleagues focused on the developmental differences between two species, whereas this study includes gene set enrichment and sub-network pathway analysis which highlighted novel transcripts and gene pathways involved in frog early development.
The sideroflexin (mitochondrial tricarboxylate carrier) data corroborate with a recent in situ hybridization study that investigates sfxn3 expression in whole mount X. laevis (Li et al., 2010) . Li and colleagues reported increasing signals from NF stage 28 to 39. At first, the expression was detectable only in somites (NF 29), then in distal pronephric tubules and pronephric duct (NF 36), and finally the intensity of the signal became significantly higher in all pronephric tubules. Both our microarray and real-time RT-PCR data support Li et al. (2010) 's hypothesis that mitochondrial carriers which are essential for metabolism, are also involved in embryonic development.
Functional enrichment and sub-network enrichment analysis supported the hypothesis that gene expression patterns correspond to the major structural changes that occur within the developing embryo. For example, gene networks that underlie cell division, DNA replication, and cell proliferation (NF stage 2) were affected at earlier stages, and at later stages, gene networks were primarily built in the context of organ formation and morphogenesis. Moreover, transcriptional profiles of other gene clusters were only detected once a specific morphological event had occurred. For example, gene ontology analysis shown that neurotransmitter transport and brain development related genes were significantly expressed at NF stage 34, which corresponds to the period following neurulation (NF stages 14-17; Vanderberg et al., 2011) . Below we highlight only some of the major processes involved in S. tropicalis development, however a complete list of genes and pathways are provided in the Appendices.
Maternally deposited transcripts
This study identified a number of putative maternally deposited transcripts in early S. tropicalis embryos. These included the oocyte-specific histone RNA stem-loop-binding protein 2, mitogen-activated protein kinase 14 and speedy protein 1-B-like. This corroborates to other studies that have shown these transcripts are maternally deposited into the eggs. Histone proteins play a crucial role in chromatin configuration and their regulation is highly controlled in early embryogenesis in vertebrates (review in Gunjan et al., 2006) . The oocyte-specific histone RNA stem-loop-binding protein protects against early translation in both amniote and non-amniote embryos (Thelie et al., 2012) . The high abundance of oocyte-specific histone RNA stem-loop-binding protein mRNA during early embryonic stages (this study) is of particular importance in amphibians since transcription only begins later (at 4,000-cell stage; mid-bastula) compared to other species.
The mitogen-activated protein kinases (Mapk 11/14) are involved in cell specification and patterning events in early development, and are also suggested to be involved in rapid and adaptive stress responses in mice embryos (Fong et al., 2007; Bell et al., 2009 ). This study also uncovered novel genes that may be maternally inherited and are not yet well studied in amphibians. Speedy proteins have not been reported to have a major role during vertebrate embryogenesis, and the expression is limited to the oocyte stage. Speedy protein 1 has been reported to stimulate oocyte development by inducing meiotic maturation via the regulation of the G2/M Fig. 9 -Real-time PCR analysis for across early development. Transcripts for insulin (A), arginase (B), somatostatin (C), galactokinase (D), rhodopsin (E), deiodinase type III (F), sideroflexin 3 (G), carboxypeptidase A1 (H) and nuclear transcription factor Y (I) are presented. Average + SD for real-time PCR data (relative mRNA levels) in relation to the microarray data (normalized intensity) are shown. transition in X. laevis oocytes (Lenormand et al., 1999) . In this study, speedy protein 1 mRNA was observed in S. tropicalis embryos to decrease significantly over all three developmental stages (i.e., higher at each previous stage), which suggests new roles for speedy protein 1 in embryo development.
3.3.
Genes involved in the retinoic acid system are activated prior to thyroid hormone system
The thyroid and retinoic acid hormone signaling cascades play a predominant role in amphibian development (DuarteGuterman et al., 2010; Denver et al., 2009; Wang et al., 2008) , and the interaction/co-dependence of the retinoid X receptor in thyroid hormone signaling and gene activation is well known. Thyroid hormones mediate their physiological effects by binding to nuclear thyroid hormone receptors and this complex heterodimerizes with the retinoid X receptor (RXR) prior to activating transcription via the thyroid hormone response element (reviewed in Zhang and Lazar, 2000) . Microarray data presented here suggest that the retinoic acid signaling cascade may be involved in development at earlier stages, well before the thyroid gland is formed. We concede that a difference in mRNA abundance at specific stages only infers a functional role for the gene and that this is not direct evidence for protein function in a cell process. However, retinoic acid has been shown to be involved in pattern formation and tissue differen- tiation in embryonic development (Cartry et al., 2006; Tanado et al., 1993) . Upon surveying all of the genes related to retinoic acid signaling, there is a relative overabundance of these genes early in development. Interestingly, studies have suggested that the thyroid gland becomes only functional at larval NF stage 46 in X. laevis (Opitz et al., 2006) and NF stage 48 in S. tropicalis (Flood et al., 2012) . These data present spatiotemporal functional changes for the retinoic acid hormone signaling from embryonic to larval development and suggest that this signaling system may be in place prior to active transcription of genes involved in the thyroid system.
3.4.
Membrane hyperpolarization increases from early to later stages of development Presumably to meet the demands imposed by environmental constraints, the expression and emergence of different morphological patterns and behavior during development follow different temporal sequences. Sub-network enrichment analysis identified membrane hyperpolarization as a highly significant expressed pathway in early frog development providing evidence for the importance of membrane regulation in response to cellular environments during development. Membrane hyperpolarization has been associated with a number of biological functions in early tadpole development, including organogenesis. Eye patterning development has been recently shown to be controlled by a bioelectric initiator, i.e., the transmembrane voltage, in X. laevis embryos, as clusters of cells were found to be hyperpolarized prior the onset of eye primordia (NF stage 18; Pai et al., 2012) . In hatching Rana temporaria embryos (Gosner stage 20), substantial membrane hyperpolarization events have been associated with the neuromodulator nitric oxide release to induce motor patterns (McLean et al., 2001 ). This study demonstrated that body flexion commencement is linked to a hyperpolarized membrane in hatching stage. The importance of membrane hyperpolarization at early stages of frog development is further demonstrated in Vanderberg et al. (2011) . Cellular electrophysiological state has been proposed to be involved in coordinating differentiation and morphogenesis in X. laevis development. It has been suggested that three bioelectrical membrane patterns would be involved in embryonic craniofacial structure (NF stages 14 to 25): (1) hyperpolarization at gastrula, (2) hyperpolarization in folding epithelium and head patterning, and (3) regionalization of hyperpolarization ( Vanderberg et al., 2011) , strengthening the importance of membrane hyperpolarization in early embryogenesis. Taken together, membrane hyperpolarization has shown to be essential in earlier developmental stages (before NF stage 25), and the microarray data produce by this present study further suggest that the developmental NF stage 34 would be the most dynamic periods of cellular signaling in the frog embryo. However, our analyses did not dissect every stage of development and there are many interesting gene expression/electrophysiological patterns left to be elucidated. Nevertheless, there is good evidence that changes in membrane potential are critical and there is much to learn about electrophysiological changes that occur throughout the anuran developmental process.
3.5.
Cholesterol metabolism as a process significantly enriched in early stages of life Cholesterol is known to be present in frog embryo at concentrations ranging from 9.2 to 10.9 lg/embryo and to remain constant during early development (Rizzo et al., 1994) . Here, we suggest that cholesterol metabolism varies and intensifies during the first days of frog development as transcriptional activity related to cholesterol metabolism significantly increases during this period. Cholesterol has a wide array of roles ranging from cell membrane constituent, cellular signaling to steroid and bile acid biosynthesis. Indeed, cholesterol is essential for proper membrane structure and function and can influence membrane potentials. In early development, it has been demonstrated that cholesterol metabolism acts as a regulator of key developmental genes. Hedgehog proteins involved in somite and digit formation have been recognized to be regulated by lipid modifications of Hedgehog ligands (Lewis et al., 2001) . Furthermore, the enzyme involves in the final step of cholesterol biosynthesis, the 7-dehydrocholesterol reductase has recently being associated with the regulation of the sonic Hedgehog signaling as both are co-expressed during midline development (NF stages 11 to 35; Koide et al., 2006) , as well as being involved in neural development (NF stages 10 to 45; Tadjuidje and Hollemann, 2006) in X. laevis larvae. Bile biosynthesis ( bile alcohols and acids) is another end product of cholesterol (Hofmann et al., 2010) . Few studies have assessed the onset of bile biosynthesis in amphibians; however some groups have characterized the liver and gall bladder formation. First morphological signs of liver formation happen at NF stages 25-30, gall bladder development occur at NF stages 30-35 and NF stages 46-47 correspond to the period when the liver begins to exhibit characteristics of adult hepatic cells (Zorn and Mason, 2001) . As stomach and intestines form during NF stages 41-42 (Chalmers and Slack, 1998) , one could speculate that cholesterol is then readily available to be utilized to produce digestive bile. Furthermore, real-time RT-PCR data (this study) show a significant 280-fold increase in arginase mRNA at NF stage 34. This is the final enzyme of the urea cycle suggesting that urea activity (in the liver) must have begun. As sexual differentiation begins later than the studied developmental stages, the presence of a high metabolism of cholesterol at NF stage 46 suggests than steroidogenesis is not the main function of cholesterol in early tadpole development, but rather the development of the central nervous system and the onset of bile biosynthesis.
3.6.
Dopamine metabolism has been identified as an important process during early development Dopamine, an ubiquitous neurotransmitter, is mainly produced by dopaminergic neurons and by the medulla of the adrenal gland, but it can also be maternally transferred to embryos. In X. laevis embryos, concentrations ranging between 0.4-0.9 lmol/L L-dopa (one of the dopamine's amino acid precursors) and 0.2-0.5 lmol/L dopamine and 3,4-dihydroxyphenylacetic acid (dopamine breakdown product) from the fertilized egg to the neurulation stages (NF stage 14-17) have been reported (Rowe et al., 1993) . Inhibition of dopamine bhydroxylase (involved in the conversion of dopamine to noradrenaline) in early tadpole development resulted in reduction of neuronal differentiation, whereas a dopamine rescue increased the quantity of differentiated neurones (Rowe et al., 1993) . Similarly, differentiated dopaminergic neurons start to be present at NF stages 11-12, but can only be detected in the spinal cord at NF stage 26 (Binor and Heathcote, 2001) . The notochord has the ability to induce dopaminergic neurons in the midbrain (embryonic rat; E14; Hynes et al., 1995) and in the spinal cord (embryonic X. laevis; NF stages 26-49; Moghadam et al., 2003) . In this study, microarray data illustrated that dopamine metabolism has a drastic increase at organogenesis (NF 34) compared to neurulation (NF 16) stages, and remains high at NF stage 46. These significant increases could correspond to eye, brain and central nervous system being organized and functional. For example, in X. laevis, it has been demonstrated that the number of the dopaminergic amacrine cells increase retina from 0 (NF stage 41) to 40 (NF stage 47; Huang and Moody, 1995) . However, studies on dopamine signaling within anuran embryos are lacking and this is a knowledge gap due to the importance of early organizational effects of neurotransmitter systems, neuronal migration, neurogenesis, synaptic plasticity, and overall patterning of the brain.
In conclusion, anuran development is a coordinated process, and levels of mRNA are first dominated by maternally deposited genes, followed by active transcription of embryonic genes as the embryo undergoes morphogenesis and organ formation. This study has mapped some of the transcriptional pathways that are influenced by spatiotemporal factors and utilized network analyses to elucidate interactions among neighboring genes (genes that are associated to each other through expression and regulation for example). This approach can lead to new hypotheses about functions of genes expressed in early embryo development. Furthermore, other novel molecular networks occurring in early development were uncovered, especially at NF stages 34 and 46, where membrane hyperpolarisation, cholesterol metabolism, and dopamine production were the prominent regulatory networks being significantly activated. This research provides the transcriptomics foundation for more elaborate studies during development, for example how environmental perturbations and sex steroids regulate gene expression patterns. These changes will be associated to higher levels of biological organization in S. tropicalis to better link early molecular signaling cascades with physiology and morphology.
4.
Experimental procedures
Animals and experimental design
Fertilized eggs were obtained by injecting human chorionic gonadotropin hormone (Sigma Canada Ltd, Oakville, ON) into the dorsal lymph sac of four adult S. tropicalis (as previously described in Langlois et al., 2010) . A 12:12 h light:dark cycle was maintained (lights on at 7 am). The water temperature was 25°C ± 1°C. The care and treatment of animals used in this study were in accordance with the guidelines of the Animal Care Committee of Queen's University and the Canadian Council on Animal Care. Eggs and larvae were raised in Petri dishes containing modified Ringer's solution (0.1 M NaCl, 1.8 mM KCl, 2.0 mM CaCl 2 , 1.0 mM MgCl 2 , 300 mg/L NaHCO 3 ; 1:9 v/v) and the antibiotic gentamycin (0.04 mg/L; Sandoz Canada Inc.). Embryos obtained from all mating were mixed together and were sampled at NF stages 2, 16, 34, and 46. Note that NF stage 2 samples contained half of NF stage 2 and half of the stage 7 embryos, NF2 was kept throughout the manuscript to simplify the text. Each sample consisted of a pool of 25 embryos (NF stage 2 and 16) or of a pool of 10 larvae (NF stages 34 and 46) to ensure a sufficient amount of RNA for gene expression.
Custom S. tropicalis microarray design and annotation
A custom 4 · 44 K Agilent microarray for S. tropicalis was annotated and designed by Genotypic (Bangalore, India) using the UniProt database. The custom microarray included 43,803 features that were comprised of 32,899 unique probes and Agilent control features (1417). For functional annotation, 9656 probes were successfully mapped to GO biological processes, 9957 probes were successfully mapped to GO cellular components, and 14,057 probes were successfully mapped to GO molecular functions. The custom microarray has been deposited in gene expression omnibus (GPL15626).
RNA extraction
Total RNA extraction for microarray analysis was done using TRIzolÒ Reagent (Life Technologies Corporation, Invitrogen, Burlington, CAN) and details have been previously described in Martyniuk et al. (2010) . RNA was resuspended in 20-30 ll RNAsecure TM Reagent (AmbionÒ). Total RNA integrity was evaluated using the RNA 6000 Nano Assay Kit with the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA samples were purified using the RNeasy Mini Kit (Qiagen, Mississauga, ON) and RNA concentrations were determined using the NanoDrop-2000 spectrophotometer (Thermo Scientific).
The mean (±SE) RIN for RNA samples collected from S. tropicalis was RIN = 6.6 (±0.16). RNA values from these early staged embryos were in the range of 6.0-7.5 and this was a typical observation for the stages investigated in this study. This is in line with other studies investigating early stages of follicle and embryonic development, for example in cumulus cells surrounding the follicles (Payton et al., 2010) .
Microarray analysis
Gene expression analysis was performed with four biological replicates for each of the four developmental stages (n = 16). Microarray hybridizations were performed according to the Agilent One-Color Microarray-Based Gene Expression Analysis protocol using Cyanine 3 (Cy3) and 1 lg total RNA per sample was used for the production of cDNA and labeled/amplified cRNA as per the Agilent Low RNA Input Fluorescent Amplification Kit. Labeling methodology followed that as previously described in Martyniuk et al. (2010) and steps followed the protocol provided by the manufacturer. Specific activity for all samples was >19.0 pmol Cy3/lL and amounts were adjusted to a final mass of 1.65 lg for hybridizations to the 4 · 44 K microarrays. Microarrays were hybridized for 17 h and washed according to Agilent protocol. Microarrays were scanned at 5 lm with the Agilent G2505 B Microarray Scanner and Agilent Feature Extraction Software (v. 10.7.3.1.) was used to extract raw signal intensities from microarray images. The quality of microarray data was evaluated by manual inspection and each microarray was deemed to be of high quality.
Raw expression data were imported into JMPÒ Genomics V5.1 and data normalized using Loess normalization (smoothing factor of 0.2). An analysis of variance (ANOVA) with a false discovery rate of FDR = 5% was used to identify differentially expressed gene probes and each stage was compared to the previous stage. Cluster analysis was performed on all gene probes using complete linkage using the Fast Ward algorithm. Venn diagrams were generated using a gene probes that showed an adjusted p < 0.001 after post hoc correction. PCA on all microarrays was also performed in JMPÒ Genomics V5.1. Both the mean and variance were scaled to a value of zero before PCA. K-means clustering was performed to identify expression waves over development. Data were standardized by standard deviation, followed by K-means clustering using automated K-means (set at default 0.8) after scaling the mean and variance of each row to zero. Functional enrichment was performed in JMPÒ Genomics V5.1 with 10,000 bootstraps and the binary categorization for the transcripts was p < 0.01 (1 = differentially expressed) and p > 0.01 (0 = not differentially expressed). Raw microarray data has been deposited into the NCBI Gene Expression Omnibus (GEO) database (GSE38576; Platform GPL15626).
4.5.
Sub-network enrichment and pathway analysis
Sub-network enrichment analysis (SNEA) was performed in Pathway Studio 9.0 (Ariadne, Rockville, MD, USA) and ResNet 9.0. A total number of 5028 genes were successfully mapped to mammalian homologs using UniProt ID. SNEA was performed to identify gene networks that were significantly involved in early stages of S. tropicalis development. These networks included those that are based on common regulators of expression and regulators of specific cell processes. SNEA uses known relationships (i.e., based on expression, binding, common pathways) between genes to build networks focused around gene hubs. This approach has been applied in biomarker discovery in mammals (Kotelnikova et al., 2012) and for gene and protein networks in teleost fishes Martyniuk and Denslow, 2012 . Briefly, SNEA builds sub-networks starting from a central seed from molecular relationships (e. g., expression or binding). These data are retrieved from the ResNet 9 database which is compiled by Ariadne using MedScan. The database contains over 20 million PubMed abstracts and approximately 900 K full-text articles (May 27, 2011) . A background distribution of expression values in the gene list is calculated by an algorithm. This is followed by a statistical comparison between the sub-network and the background distribution using a Mann-Whitney U-Test, a p-value is generated that indicates the statistical significance of difference between two distributions (additional details on the method can be found in the technical bulletin pg. 717 from Pathway Studios 7.0). The enrichment p-value for a gene seeds was set at p < 0.05 and one criterion for the network was that there was at least a 10% in gene targets.
4.6.
cDNA synthesis and real-time RT-PCR Total cDNA was prepared from 1 lg of total RNA using the GoScript TM Reverse Transcription system (Promega, Madison, WI) for all stages of development (n = 8/stage). Real-time RT-PCR validation was performed by an Agilent Mx3005P realtime polymerase chain reaction system (Agilent Technologies, La Jolla, CA) using the GoTaqÒ qPCR Master Mix (Promega). All real-time RT-PCR programs began with an enzyme activation step at 95°C (15 min) followed by 40 cycles of: 95°C (15 s; denaturation), gene specific annealing temperature (between 58 and 62°C for 5 s;) and 72°C (30 s; elongation). Specific primer sets were designed for the following genes: galactokinase 2 (galk2), rhodopsin (rhod), insuline (ins), arginase (arg), somatostatin (som), carboxypeptidase A1 (cpA1), sideroflexin 3 (sfxn3) and deiodinase type 3 (dio3) (Integrated DNA Technologies). The genes for real-time RT-PCR validation were chosen based on the criteria that they spanned different functional groups (1) hormone systems (due to our interest in endocrinology), metabolic enzymes due the increased energetic demands of development, and genes involved in the visual system (i.e., rhodopsin) because this system was identified as being under-represented in the microarray functional enrichment, and (2) the transcripts showed a normalized expression value over 7 in one or more of the developmental periods. Primers were designed using Primer 3 and Oligoanalyzer 3.1. Specificity of every primer set was confirmed by cloning (pGEM-T Easy Vector System, Promega, Madison, WI, USA) and sequencing of the amplicon (Robarts Research Institute, ON, Canada; Table 4 ). Standard curves were prepared using a serial dilution of NF stage 46 cDNA mix since all of target genes were expressed at that stage. Samples were run in duplicate along with a no-template control and a no reverse transcriptase control. All real-time RT-PCR runs were achieved an efficiency of 100% ± 10% and an R 2 > 0.990. Since all of the genes changed significantly during development, developmental profile data are normalized to RNA content . Data are presented as fold changes relative to NF stage 2. Gene expression statistical analyses were performed using JMP SAS (V9.0, Cary, NC). Gene expression data were tested for normality (Kolmogorov-Smirnov test) and homoscedasticity (Levene test) and analyzed using one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test. When data failed to meet assumptions even after transformation (e.g., log 10 ) the nonparametric Kruskal-Wallis test on ranks was used. Statistical significance for all tests was set at p 6 0.05.
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